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Figure 4.4. CD spectra of mALAS2 in the 260-350 nm range at (A) 20 °C and (B) 37 °C. The colors 
correspond to: pH 7.5 (black), pH 8.5 (red), and pH 9.5 (blue). 

 

 

Figure 4.5 Dependence of CD ellipticity difference (�û��280-305) with pH. The CD ellipticity difference 
(�ûθ280-305) was calculated by subtracting the degree of ellipticity at 280 nm from that at 305 nm. The 
symbols correspond to the spectra collected at different temperatures: 20 °C (squares) and 37 °C 
(triangles). 

 

 Effects of pH and temperature on the PLP-binding site of mALAS2 

   PLP-dependent enzymes usually display a positive dichroic signal in the 500-310 nm 

region of the CD spectrum as a result of the positioning of the internal aldimine in a chiral, active 

site environment [(11) and references therein]. At physiological pH value of 7.5, the CD 

spectrum of mALAS2 in the 500-310 nm region displays two positive dichroic bands with 



100 
 

maxima at 430 and 325 nm, where the intensity of the former is more pronounced (Fig. 4.6). 

However, as the alkalinity of the solution increases, the chiral environment of the internal 

aldimine changes (Fig. 4.6A and B). Starting at pH 8.5, the 325 nm dichroic band becomes more 

pronounced than the 430 nm band. This trend continues with further increases in pH and is 

accompanied by a shift of the 325 nm maximum toward shorter wavelengths, such that at pH 9.5 

the maximum is shifted to 317 nm and to 312 nm at pH 10.5 (Fig. 4.6A and B). In the acidic pH 

range (pH 1-3), the CD signal that results from the internal aldimine of mALAS2 is lost, 

suggesting severe disruption of the active site environment or dissociation of PLP from the 

enzyme (Fig. 4.6C and D). With the exception of the spectra collected at pH 10.5, the spectra 

collected at all other pH values were nearly identical at either 20 or 37 ºC (Fig. 4.6). 

 

Figure 4.6. Effects of pH and temperature on the chiral active site environment of the mALAS2 
internal aldimine. CD spectra in the 500-310 nm region collected at (A) alkaline pH and 20 °C, (B) 
alkaline pH and 37 °C, (C) acidic pH and 20 °C, (D) acidic pH and 37 °C. The colors of the spectra 
correspond to: pH 1 (pink), pH 2 (purple), pH 3 (gray), pH 7.5 (black), pH 8.5 (red), pH 9.5 (blue), and 
pH 10.5 (cyan) 
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  In order to examine whether PLP remains covalently bound to the active site of ALAS at 

acidic pH, the absorbance spectra of mALAS2 were recorded and compared to that of free PLP 

(Fig. 4.7). At physiological pH, the absorbance spectrum of free PLP displays a maximum at 390 

nm, which differs from the spectrum of ALAS, where, as a result of the Schiff base linkage 

between PLP and K313, the maximum is red shifted to 415 nm (Fig. 4.7A). In contrast, PLP does 

not bind covalently to the active site lysine of ALAS under acidic conditions. In fact, at acidic 

pH, a time-dependent dissociation of PLP from the active site of ALAS was observed. The 

spectra of ALAS collected at time point zero and at pH values 1.0-3.0 resembled that of ALAS at 

physiological pH; however, within the time period of 20 minutes, the spectra of holo-ALAS 

under acidic conditions became similar to the spectra of free PLP in acidic solution, implying 

that the cofactor dissociated from the active site (Fig. 4.7B-D). No significant changes in the 

spectra of holo-ALAS were observed at physiological pH within the time period used in this 

study, indicating that PLP remained covalently bound to the enzyme (Fig. 4.7A). Further, the 

spectra of free PLP did not change within the experimental time period and at all examined pH 

values (data not shown). 

 

 Reaction with ANS  

  ANS is a fluorescence probe that is commonly used to characterize the exposure of 

hydrophobic surfaces in proteins in order to monitor the formation of partially folded molten 

globule-like intermediates (24). Upon reaction with hydrophobic clusters, the emission intensity 

of ANS intensifies and is shifted toward shorter wavelengths (24). The fluorescence spectra for 

the reaction between mALAS2 and ANS are shown in Fig. 4.8, while graphical representation of 

the wavelength of emission maxima and emission intensity are shown in Fig. 4.9A and B, 
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respectively. In the absence of protein, ANS in the pH range between 7.5-10.5 displays emission 

maxima at 534 nm of equal intensity, which are not affected when the temperature changes from 

 

 

Figure 4.7. Absorbance spectra of mALAS2 and free PLP recorded at various time intervals and 
pH values. (A) pH 7.5: ALAS at time intervals of 0 min (purple), 5 min (cyan), 10 min (blue), 15 min 
(pink), 20 min (red), and free PLP (orange). (B) pH 3.0, (C) pH 2.0, and (D) pH 1.0. The color code for 
the spectra of ALAS at the different time intervals and free PLP in panels (B)-(D) is the same as in panel 
(A). For comparison, the spectrum of ALAS collected at pH 7.5 (black) is also shown in panels (B)-(D). 
Note that while the spectra of ALAS in acidic pH at 0 min (purple) resembles that of ALAS at pH 7.5 
(black) [panels (B)-(D)], with time, at acidic pH, PLP dissociates from ALAS, with the spectra of ALAS 
collected at 20 min (red) resembling that of free PLP (orange) [panels (B)-(D)]. No time-dependent 
changes were detected in the spectra of free PLP at any pH value (data not shown). 

 

20 to 37 ºC. However, upon reacting with mALAS2, the fluorescence emission of ANS 

intensifies and the maximum is shifted toward shorter wavelengths (Fig. 4.9). The reactivity 

between ANS and mALAS2 increases as the alkalinity and temperature are increased, implying 

that the hydrophobic clusters of mALAS2 become more exposed to the solvent as a result of 
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disruption in the rigidity of the tertiary structure (Figs. 4.8 and 4.9). In the acidic pH range (pH 

1-3), when ANS reacts with mALAS2, the shift in the emission maximum toward shorter 

wavelengths is comparable to that observed under alkaline conditions; however, the emission 

intensity of ANS is significantly more pronounced (Figs. 4.8 and 4.9). This finding indicates 

potential differences in the exposure of hydrophobic clusters in acidic and alkaline solution or 

presence of some internal quenchers at alkaline pH. 

 

Figure 4.8.  Fluorescence spectra for the reaction between ANS and mALAS2. (A) Spectra in pH 
range 1-3, and (B) pH range 7.5-10.5. Solid lines represent spectra collected at 20 °C, and dashed lines at 
37 °C. The colors are: ANS-mALAS2 complex at pH 1 (pink), pH 2 (purple), pH 3 (grey), pH 7.5 (black), 
pH 8.5 (red), pH 9.5 (blue), pH 10.5 (cyan); free ANS is shown in orange. 

 

Figure 4.9. Reaction between ANS and mALAS2 at different pH values at 20 or 37 °C. (A) 
Wavelength of emission maxima. (B) Fluorescence emission intensity. The colors correspond to: free 
ANS at 20 °C (black), free ANS at 37 °C (gray), ANS in the presence of mALAS2 at 20 °C (blue), and 
ANS in the presence of mALAS2 at 37 °C (pink). 
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 Acrylamide quenching of intrinsic protein fluorescence 

  Acrylamide quenching studies were performed to characterize how changes in pH and 

temperature affect the orientation of tryptophans in mALAS2. The data fitted to the Stern-

Volmer equation are presented in Fig. 4.10, whereas the calculated dynamic quenching constants 

are in Table 4.1. At physiological pH, as the temperature changes from 20 to 37 ºC, the dynamic 

quenching constant, Ksv, decreases from 8 to 5.1 M-1. This could imply that as the temperature 

increases, the protein becomes more dynamic, causing the repositioning of some tryptophans in 

an environment that is less accessible to the quencher. In contrast, at pH 1.0 and pH 9.5, as the 

temperature increases to 37 ºC, the Ksv values remain identical to those observed at 20 ºC. 

However, the Ksv values obtained at pH 1.0 and pH 9.5 are different, indicating subtle differences 

in the accessibility of tryptophans under acidic and alkaline conditions. 

 

Figure 4.10. Acrylamide quenching of intrinsic fluorescence of mALAS2. (A) pH 1.0 and 20 °C, (B) 
pH 7.5 and 20 °C, (C) pH 9.5 and 20 °C, (D) pH 1 and 37 °C, (E) pH 7.5 and 37 °C, (F) pH 9.5 and 37 
°C. 
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Table 4.1 
Dynamic quenching constants at different pH and 
temperature values 

pH Ksv at 20 ºC
M-1

Ksv at 37 ºC
M-1

1.0 7.2 ± 0.1 6.7 ± 0.3
7.5 7.9 ± 0.2 5.1 ± 0.2
9.5 5.6 ± 0.1 5.7 ± 0.3

 

 Dynamic light scattering 

  Dynamic light scattering was used to examine the propensity of ALAS to self-associate 

into higher oligomeric species at different pH values. The greatest propensity for self-association 

into higher oligomers was observed at pH 3.0, although a significant heterogeneous oligomeric 

population was observed at pH 2.0, and to a lesser extent at pH 1.0, where the hydrodynamic 

radius of the most populous species is over 2-fold greater than at physiological pH (Fig. 4.11). 

Since in the pH range 6.5-3.2, mALAS2 precipitates out of solution, forming visibly insoluble 

aggregates (data not shown), the extent of protein association into higher oligomers depends on 

the proximity of the buffer pH to the lower limit of solubility (~pH 3.1). There was no significant 

protein association at either pH 7.5 or 9.5 (Fig. 4.11), indicating that at these pH values, 

mALAS2 is predominantly a dimer. Interestingly, even at 25 °C, the hydrodynamic radius at pH 

9.5 is increased by 12 % when compared to that at pH 7.5. This observation is in agreement with 

the CD and ANS data, which showed that structural perturbations are associated with increased 

alkalinity. 

   

 Is catalysis possible under conditions in which ALAS, devoid of ligands, lacks a rigid 

tertiary structure?  

  To assess if the enzyme retains catalytic activity under conditions in which its structural 

integrity is compromised, a colorimetric assay was used to determine the mALAS2-catalyzed 
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formation of ALA at different acidic and alkaline pH values. No activity was detected in the 

acidic range, while the enzyme remains active in the alkaline pH range up to pH 9.5 (Table 4.2). 

This indicates that, although the reaction velocity is about 10-fold lower than at physiological 

pH, mALAS2 is active at 9.5 and 37 °C, conditions under which the enzyme adopts, in the 

absence of substrates, the molten globule state. 

 

Figure 4.11. Size distribution of mALAS2 at pH values of (A) pH 9.5, (B) pH 7.5, (C) pH 3.0, (D) pH 
2.0, and (E) pH 1.0. All experiments were performed using 1 mg/ml protein and at 25 °C. 
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Table 4.2 
Velocities for the mALAS2-catalyzed formation of 
ALA at different pH values

pH V
(nmol·mg-1·min-1)

10.3 N.A.a

 9.5 0.14
 8.5 1.10
7.5 1.10
3.0 N.A.a

2.0 N.A.a

1.0 N.A.a
aN.A., no measurable activity 

 

 

Comparison of the steady-state kinetic parameters of the alkaline molten globule, as 

described for the ALAS state at pH 9.5/37 °C, with those of natively folded ALAS (pH 7.5/37 

°C) indicated a 40-fold decrease and a 6-fold increase in the kcat and  ܭ୫ୗେ୭୅ values, respectively 

(Table 4.3). However, the most drastic reduction was in the specificity constant for succinyl-

CoA, ݇ୡୟ୲ ⁄୫ୗେ୭୅ܭ ,	 which was 250-fold lower at pH 9.5 than at pH 7.5 (Table 4.3). The ܭ୫
ୋ୪୷ and  

݇ୡୟ୲ ୫ܭ
ୋ୪୷⁄  values could not be determined accurately at alkaline conditions because the pH 

changed at concentrations of glycine greater than 200 mM. 

 

 

Table 4.3 
Steady-state kinetic parameters of mALAS2 determined at 37 °C and 
pH 7.5 or pH 9.5 

pH ݇ୡୟ୲ 
(min-1) 

 ୫ୗେ୭୅ܭ 
(µM) 

 ݇ୡୟ୲ ⁄୫ୗେ୭୅ܭ  

(min-1.µM-1) 
7.5 2.80 ± 0.10 16 ± 4 175 x 10-3 ± 50 x 10-3  
9.5 0.07 ± 0.01 103 ± 32 0.68 x 10-3 ± 0.2 x 10-3 
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 Is ligand binding to ALAS coupled to its folding in the alkaline molten globule?  

   To assess whether ligand binding stabilizes the tertiary structure of ALAS, CD spectra in 

the near-UV range were collected, at pH 9.5 and 37 °C, in the presence and absence of ALA 

(Fig. 4.12). The binding of ALA to the alkaline molten globule state of ALAS increases the 

elliptical signal in the near-UV range, implying that ALA binding to ALAS induces folding by 

reducing structural fluctuations. A similar substrate-induced stabilization of the tertiary structure 

is probably necessary for catalysis. Of relevance, the observed increase in ellipticity results from 

stabilization of the tertiary structure, rather than from unbound ALA, since the elliptical signal of 

ALA in the absence of enzyme in the near-UV region is near baseline (data not shown). Further, 

it was not possible to perform the experiments in the presence of substrates, because succinyl-

CoA has an absorbance maximum at ~260 nm, and at concentrations greater than 100 µM (i.e., 

concentration greater than the Km value at pH 9.5) interferes with the acquisition of the CD data. 

 

 

Figure 4.12. Binding of ALA to the alkaline molten globule state of ALAS restricts fluctuations in 
the tertiary structure. Near-UV CD spectra were collected at 37 °C with the reactants in 50 mM 
AMPSO, pH 9.5. Dashed and solid lines correspond to mALAS2 in the absence and presence of ALA, 
respectively. 
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 Discussion 

The integrity of the secondary structure of mALAS2 is rather resilient to changes in pH 

in the alkaline range. In contrast, the secondary structure becomes disrupted at pH 2.0 where the 

enzyme exists as a stable, partially folded intermediate. Since at pH 2.0, mALAS2 is positively 

charged due to protonation of its aspartates and glutamates side groups, we hypothesize that the 

partial unfolding of the secondary structure results from increased repulsion amongst the 

positively charged groups. One would therefore expect greater disruption as the pH is further 

decreased; however, rather than becoming less structured, the secondary structure of mALAS2 at 

pH 1.0 is restored to nearly native levels (Fig.4.2).  

      ALAS is by no means the only protein whose secondary structure content becomes 

restored under extreme acidic conditions. In fact, Goto et al. were the first to describe the 

phenomenon of acid-induced refolding for three different proteins: cytochrome c, apomyoglobin, 

and β-lactamase (25). The authors showed that the aforementioned proteins, which exist in fully 

unfolded forms at pH 2.0, restore their secondary structure content to nearly native levels as the 

pH is further decreased by increasing the concentration of hydrochloric acid (25). The refolding 

resulted from the ability of negatively charged chloride ions to minimize repulsion among the 

positively charged groups of the protein (25, 26). We also propose that the refolding of the 

secondary structure of mALAS2 at extremely low pH results from the ability of the increased 

concentration of chloride ions (which are present in the buffer since the pH was adjusted with 

hydrochloric acid) to minimize repulsion among positively charged groups. This phenomenon of 

acid-induced (25, 26) or anion-induced (27) refolding of acid-unfolded state was also described 

earlier for several proteins, such as β-lactamase (28), apomyoglobin (29), cytochrome c (30, 31), 

various heme proteins (32), Staphylococcal nuclease (27, 33), ribulosebisphosphate carboxylase 
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(Rubisco) from Rhodospirillum rubrum (34), human serum albumin (35), α-chymotrypsinogen 

(36), rabbit muscle pyruvate kinase (37), jack bean urease (38), and many other proteins (39, 40). 

      Under specific acidic (pH 1.0 and pH 3.0) and alkaline (pH 9.5 / 37 °C and pH 10.5) 

conditions, mALAS2 exists in a molten globule state, where its secondary structure is mainly 

preserved, while the rigidity of the tertiary structure is lost. This finding implies an important 

role for ionic interactions in stabilizing the tertiary structure, because upon increasing the same 

type of electric charges (either positive or negative), tertiary contacts are disrupted. Ultimately, 

this disruption leads to loosening of the side chain packing in the protein core and conversion of 

mALAS2 into a molten globule state. Interestingly, the acidic and alkaline molten globule states 

of mALAS2 are assumed independently of temperature, with the exception that at pH 9.5 the 

molten globule state is observed only at 37 °C. Greater structural mobility, which ensues from 

increases in temperature, is probably necessary for the conversion of mALAS2 into the molten 

globule state at pH 9.5. 

ANS-mALAS2 binding experiments further corroborate that the enzyme populates the 

molten globule state under the aforementioned conditions, as inferred from the observation that 

the reactivity of the enzyme with ANS is more pronounced in the alkaline molten globule state 

than in the native state (pH 7.5). These findings strongly imply greater exposure of the 

hydrophobic clusters of mALAS2 in the alkaline solvent due to disruption of the tertiary 

structure. 

Interestingly, in the acidic pH range, the fluorescence emission intensity of ANS upon 

reacting with mALAS2 is significantly more prominent than that observed in the alkaline pH 

range (Fig. 4.9). Since at acidic pH there is a greater propensity for self-association, due to the 

presence of partially folded intermediates, and thus heterogeneity in ALAS oligomeric species, 
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we propose that the increase in fluorescence emission intensity observed at acidic pH results 

from ANS interaction with the hydrophobic surfaces of partially folded intermediates and with 

those of higher oligomeric species. The fluorescence emission intensity of ANS has been 

reported to increase upon interaction with self-associating proteins forming higher oligomers 

(41-43). 

Quenching of the protein intrinsic fluorescence with acrylamide indicates that the 

tryptophans of mALAS2 at pH 1.0 and pH 9.5 have different accessibility to the quencher, as 

inferred from their respective Ksv values. This finding implies that the acidic and alkaline molten 

globule states of mALAS2 differ subtly, as also suggested by the ANS experiments. At 

physiological pH, changing the temperature from 20 to 37 ºC proceeds with a decrease in the 

dynamic quenching constant. We hypothesize that an increase in temperature results in greater 

mobility of the conformational ensemble of mALAS2, which in turn reduces the accessibility of 

tryptophans to the quencher.  

  In the acidic pH range, the CD signal resulting from the positioning of the internal 

aldimine within the chiral active site environment of mALAS2 is lost (Fig. 4.6). The 

disappearance of the CD signal results from the dissociation of PLP from the active site, and this 

process, as validated by absorbance spectroscopy, occurs in a time-dependent manner (Fig. 4.7). 

Our results are in good agreement with those of NMR studies of the reaction between PLP and 

free lysine, which led Chan-Huot et al. to conclude that, at pH values below 4, PLP no longer 

forms a Schiff base with lysine, but rather exists as a free hydrate (44). Moreover, time-

dependent dissociation of PLP has been reported for the guanidine deuterochloride denaturation 

of aspartate aminotransferase (45).  
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Increasing alkalinity causes the 330 nm dichroic band to intensify and the 420 nm band to 

weaken. These findings indicate that at pH values of 8.5 or higher, the orientation of the internal 

aldimine is different from that observed under physiological conditions, at which the 

corresponding 420 nm band predominates. Importantly, the chiral environment of the internal 

aldimine is modified in favor of the species with the 330 nm dichroic band at approximately the 

same pH value at which mALAS2 becomes less structured. If the alteration in the chirality of the 

internal aldimine stems from ionization of group(s) important for the positioning of the cofactor 

or through water molecules that modify previously established interactions between PLP and 

active site groups, then a shift to a less structured conformational subset probably assists the 

tautomeric interconversion by making the active site more accessible to the solvent. However, 

we cannot exclude the possibility that the alteration in the chiral environment of the internal 

aldimine results solely from conformational rearrangements. It is interesting to note that upon 

stabilization of a particular conformational subset, shift in the tautomeric equilibrium of the 

internal aldimine toward the 340 nm absorbance species was reported for tyrosine phenol lyase, 

when this fold type I PLP-dependent enzyme was encapsulated in wet nanoporous silica gel (46). 

While the enzyme does not retain any measurable activity in the acidic pH range under 

the assay conditions, it remains active in the alkaline pH range up to pH 9.5. The most surprising 

finding is that mALAS2 is catalytically active even in the molten globule state (pH 9.5 and 37 

ºC), with the holoenzyme as a highly dynamic ensemble of interconverting conformations. 

However, the catalytic activity of mALAS2 at pH 9.5 and 37 ºC is severely compromised, with 

40- and 250-fold reductions in the kcat and ݇ୡୟ୲ ⁄୫ୗେ୭୅ܭ 	 values, respectively, in relation to those 

determined at physiological pH (Table 4.3), implying that the ability of the enzyme to effectively 

convert its substrates into products is impaired. Clearly, ligand binding to ALAS partly restricts 
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the conformational fluctuations observed in the alkaline molten globule state of the holoenzyme 

(Fig. 4.12). The ligand-induced conformational stabilization is likely to determine the structural 

reorganization and transition to a conformation amenable for catalysis. However, even with the 

ligand-dependent conformational stabilization, the catalytic activity of ALAS remains hindered, 

suggesting an energetic penalty associated with the structural reorganization to the catalytically 

competent conformation that contributes, at least partly, in lowering the catalytic efficiency of 

the enzyme. Since no activity was detected in the acidic pH range and at pH 10.5, where ALAS 

also assumes a molten globule state, the abolished activity may not entirely stem from structural 

disorder, but rather at acidic pH, it results from dissociation of PLP from the active site, and at 

pH 10.5, from deprotonation of the catalytically important Lys313, which acts as a base and acid 

catalyst during the reaction cycle (47). 

In this study we have shown that ALAS exists as an intrinsically disordered molten 

globule under specific acidic and alkaline conditions. Yet the question remains whether under 

physiologically relevant conditions, apart during the folding process, ALAS ever exists in an 

intrinsically disordered state. One way to address this question is to examine if any of the XLSA 

mutations affect the folding pathway of ALAS, where the variant fails to fold to the native state, 

and populates a less structured state. Of particular interest are XLSA mutations in patients 

responsive to pyridoxine treatment (4). About two-thirds of XLSA patients respond to treatment 

with pyridoxine (which, like PLP, is a B6 vitamer). While the mechanism through which 

pyridoxine restores the catalytic activity of ALAS is not understood (4), the presumption has 

been that the mutated enzymes bind PLP less tightly, and given that pyridoxine is enzymatically 

converted to PLP, the increased PLP concentration would lead to increased ALAS activity. Since 

the binding of ligands has been shown to promote structural disorder-to-order transition in 
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certain proteins (48), it would be useful to examine if there are any XLSA mutations where the 

binding of PLP to the ALAS variants promotes conversion of the enzyme to a more structured 

and catalytically competent conformation. 
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Chapter Five 

 
Summary and conclusion 

 
 

 
Ever since the purification of ALAS and identification that PLP is utilized as a cofactor, 

the central question pertinent to the reaction mechanism was weather the external aldimine 

formed between glycine and PLP would be deprotonated or decarboxylated to generate a 

carbanion intermediate that can condense with succinyl-CoA (1). Radiolabeling, mutagenic, and 

kinetic studies provided evidence in favor of initial deprotonation of the glycine external 

aldimine, implying that the subsequent 2-amino-3-ketoadipate intermediate is on the reaction 

pathway, and that ALA is generated upon decarboxylation of this intermediate (2-7). However, 

direct experimental evidence for the inferred 2-amino-3-ketoadipate intermediate was lacking, 

mainly because of the challenges in isolating this intermediate with its carboxyl group intact, 

given the rapidity of the enzymatically catalyzed reaction (6). To surmount the challenges 

presented by the chemical liability of the 2-amino-3-ketoadipate intermediate, we resorted to 

using the pseudo substrate, O-methylglycine, and examined the ALAS-catalyzed reaction. Since 

the carboxyl group of O-methylglycine is methylated and protected against decarboxylation, 

condensation with succinyl-CoA is only possible through initial deprotonation of the C-α. Using 

LC-MS/MS to study the ALAS reaction with O-methylglycine and succinyl-CoA we confirmed 

the presence of the methyl ester of the 2-amino-3-ketoacid intermediate, implicating its existence 

on the reaction pathway. Consistent with previous reports (2, 3, 6, 7), our results are supportive 

of an ALAS-catalyzed reaction that entails initial proton removal from the glycine external 
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aldimine. This is further supported by the spectroscopic detection of the quinonoid intermediate 

upon reaction of glycine with mALAS2, which interconverts with the external aldimine at a 

similar rate, although we have estimated that in the absence of succinyl-CoA, the quinonoid 

intermediate is catalyzed by only a small fraction of the enzyme population.  

Interestingly, while ALAS is capable of utilizing acyl-CoA substrates other than 

succinyl-CoA (8), the enzyme shows strict specificity toward glycine as the only naturally 

occurring amino acid substrate (3, 9). In an effort to examine the kinetic basis of this specificity, 

we have conducted transient kinetic analyses, and observed that the progress curve of the 

reaction between mALAS2 and L-serine is characterized by a lag phase, not detectable during 

the reaction with glycine. The presence of a lag phase is commonly observed in hysteretic 

enzymes (10), implying that the entry of serine into the tightly packed active site of ALAS 

results in a conformational strain. Modeling of the L-serine external aldimine from the closely 

related Sphingomonas paucimobilis SPT into the active site of ALAS revealed differences 

between the orientations of serine and glycine. In fact, the model implied that the carboxyl group 

of L-serine prevents the productive binding of succinyl-CoA due to steric clashes. This 

unfavorable orientation of L-serine can in part explain the inability of ALAS to catalyze the 

condensation between L-serine and succinyl-CoA, with the reaction proceeding as far as the 

formation of the L-serine external aldimine. Moreover, the model predicted potential clashes 

between L-serine and T148. When we mutated this amino acid to an alanine, there was no lag 

phase in the progress curve for the reaction of the T148A variant and L-serine, consistent with 

the role of this threonine in modulating the enzymatic specificity toward the amino acid substrate 

(7, 9). Finally, a lag phase was also detected during the ALAS-catalyzed formation of the 

external aldimine with ALA, but not the quinonoid intermediate.  
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We have recently identified an alternative channel that serves as a potential path of entry 

and exit of glycine and ALA to and from the active site of Rhodobacter capsulatus ALAS (11). 

The opening and closing of this channel is partly regulated by N85’ from the glycine-rich stretch 

of the opposite monomer. Moreover, this asparagine also coordinates the positioning of succinyl-

CoA and the condensation intermediate in the active site, implicating important role for effective 

catalysis (12). In order to assess its effects on catalysis, we mutated the analogous asparagine of 

mALAS2 to a histidine (N150H), and performed detailed kinetic and equilibrium studies. 

Comparisons of the steady-state kinetic parameters with the wild-type enzyme revealed 50 % 

decrease in the kcat value of N150H, but without changes in ܭ୫ୗେ୭୅. Moreover, the binding 

affinity toward succinyl-CoA is not perturbed by the N150H mutation, since the Kd value of the 

variant is identical with that of wild-type mALAS2. Our data also revealed that the binding of 

succinyl-CoA to ALAS is primarily facilitated by the CoA rather than the succinyl-moiety, as 

evident from the identical Kd values that were obtained for succinyl-CoA and CoA. Interestingly, 

there is a notable difference between the Km and Kd values for succinyl-CoA. For the wild-type 

enzyme, the Kd value is about 230-fold greater than the Km value. These findings imply that 

 does not represent a measure of substrate affinity analogous to the k-1/k1 term which	୫ୗେ୭୅ܭ

describes the Kd, but rather it represents a complex kinetic function of all the rate constants in the 

pathway. 

When the N150H-catalyzed reaction with glycine and succinyl-CoA was examined 

during a single turnover using stopped-flow spectroscopy, we detected significant reductions in 

the observed pre-steady-state rates for the formation (k1) and decay (k2) of the quinonoid 

intermediate II, suggesting that N150 is important for effective catalysis of this intermediate, 

possibly by promoting attainment of a catalytically optimal orientation between the condensation 
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intermediate and reactive centers. Moreover, when the formation of the quinonoid intermediate 

for the N150H catalyzed reaction between glycine and succinyl-CoA was examined during 

multiple turnovers, prolonged decay of the quinonoid intermediate into the steady state was 

observed, in contrast to the steep decay of this intermediate for the wild-type reaction. This 

prolonged decay resulted from accelerated transformation of the product, ALA, into the 

quinonoid intermediate during the reverse N150H-reaction, catalyzed at a rate that is increased 

by 59 % than the wild-type reaction. Importantly, our results imply that N150 is essential in 

establishing catalytic balance between the forward and reverse reactions of mALAS2 by favoring 

formation of ALA over its non-productive transformation into the quinonoid intermediate. We 

arrived to this conclusion based on the differences that were detected in the rates of quinonoid 

intermediate formation during the forward (i.e., with glycine and succinyl-CoA) and reverse (i.e., 

with ALA) reactions catalyzed by the N150H and wild-type enzymes. In fact, relative to their 

respective forward reaction rates of quinonoid catalysis, N150H transforms ALA into the 

quinonoid intermediate at a rate that is 1.7-fold higher, while for wild-type ALAS, this reverse 

reaction with ALA is 6.3-fold lower. 

Since even subtle disturbances in the rate of ALA synthesis due to loss-of-function or 

gain-of-function mutations in the ALAS2 gene result in X-linked sideroblastic anemia (13) and 

X-linked dominant protoporphyria (14), respectively, it is evident that the necessity to evolve 

away from hypoactivity and hyperactivity must have been a defining evolutionary pressure in 

shaping the active site architecture of ALAS. Our results suggest that the active site environment 

of ALAS has also been optimized by evolution to minimize non-productive transformation of 

ALA and to establish a catalytic balance between the forward and reverse reactions. This 

catalytic balance was at least partly accomplished by the selection of the invariant N150, which 
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endowed ALAS with improved catalytic specificity toward the reaction with glycine and 

succinyl-CoA, and therefore, ensured that ALA is predominantly utilized for heme biosynthesis. 

Contrary to the assumption that catalysis is incompatible with structural disorder, certain 

enzymes have been shown to retain catalytic activity even when, devoid of ligands, they populate 

an intrinsically disordered molten globule state (15-18). In the molten globule state, proteins 

preserve native-like secondary structure content, but due to absence in the close packing of their 

side chains, the rigidity of the tertiary structure is disrupted (19). In this study, we have examined 

the effects of pH (1-3 and 7.5-10.5) and temperature (20 and 37 ºC) on the structural integrity of 

mALAS2 with the aim of characterizing whether catalysis is compatible with structural disorder. 

The secondary structure, as deduced from far-UV CD, was mostly resilient to pH and 

temperature changes. Partial unfolding was observed at pH 2.0, but further decreasing pH 

resulted in acid-induced refolding of the secondary structure to nearly native levels. This acid-

induced refolding resulted from minimization of the repulsion among positively charged groups 

due to association with negative chloride ions. The tertiary structure rigidity, monitored by near-

UV CD, was lost under acidic and specific alkaline conditions (pH 10.5 and pH 9.5/37 °C), 

where ALAS populates the molten globule state. As the enzyme became less structured with 

increased alkalinity, the chiral environment of the internal aldimine was also modified, with a 

shift from a 420 nm to 330 nm dichroic band. Under acidic conditions, the PLP cofactor 

dissociated from ALAS in a time-dependent manner as confirmed by absorbance spectroscopy. 

Reaction with 8-anilino-1-naphtalenesulfonic acid corroborated increased exposure of 

hydrophobic clusters in the alkaline and acidic molten globules, although the reaction was more 

pronounced with the latter, probably due to greater propensity for self-association into higher 

oligomers. Importantly, we have shown that the alkaline molten globule state (pH 9.5/37 °C) is 
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catalytically active, although the catalytic activity is severely compromised, with 40-fold and 

250-fold reductions of kcat and kcat/ܭ୫ୗେ୭୅, respectively, in comparison to those determined at 

physiological values. The binding of ALA to the alkaline molten globule state minimized 

conformational fluctuations, which is probably necessary for the enzyme to assume a 

catalytically competent conformation. Therefore, through effective coupling between the binding 

of ligands and folding, ALAS retains catalytic activity even under conditions where the 

holoenzyme populates the alkaline molten globule state. 
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Appendix 1 

 

Synthesis of 5-amino-6-methoxy-4,6-dioxohexanoic acid 

 
4-(Benzyloxy)-4-oxobutanoic acid (2). To an ice-cooled solution of benzyl alcohol (3.10 ml, 

30.0 mmol) in dichloromethane (Volume: 75 ml) was added triethylamine (6.25 ml, 44.8 mmol) 

and 4-dimethylaminopyridine (DMAP) (0.15 g, 1.228 mmol) followed by the dropwise addition 

of succinic anhydride (2.5 g, 24.98 mmol). The reaction mixture was stirred at room temperature 

overnight and washed with 1N HCl (2×30 mL) and brine (30 mL). The organic layer was dried 

on sodium sulfate and concentrated in vacuo. On standing, the oily product solidified.  The solid 

was shown to contain an impurity (likely from triethylamine), and thus, the solid was washed 

with water and hexane, and, lastly, dried under vacuum to give a white solid (2.76 g isolated).  

6-Benzyl 1-methyl 3-oxohexanedioate (3). A dry flask was charged with 4-(benzyloxy)-4-

oxobutanoic acid (1g, 4.80 mmol) and anhydrous THF (Volume: 10.67 ml) under an atmosphere 

of nitrogen.  To the solution was then added 1,1'-carbonyldiimidazole (CDI) (0.935 g, 5.76 

mmol) and the resulting mixture was stirred for 1 h at room temperature.  At this time, 
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magnesium chloride (0.457 g, 4.80 mmol) and potassium 3-methoxy-3-oxopropanoate (0.750 g, 

4.80 mmol) were both added at once.  The solution was then stirred overnight at 35 °C (oil bath).  

The resulting white slurry was filtered through celite, rinsed with THF, and the filtrate was 

concentrated in vacuo.  The residue was then diluted with ethyl acetate (EtOAc) and washed 

sequentially with 1M HCl, saturated NaHCO3, and brine.  The organic fraction was dried over 

Na2SO4.  
1H-NMR and LC/MS showed mostly the expected product with a minor impurity. The 

material was used without further purification.  1H-NMR (CDCl3): 7.35 (5H, m), 5.12 (2H, s), 

3.73 (3H, s), 3.50 (2H, s), 2.88 (2H, t, J = 6.5 Hz), 2.68 (2H, t, J = 6.5 Hz).  LC/MS: 287 

(M+23).  

6-Benzyl 1-methyl 2-(hydroxyimino)-3-oxohexanedioate (4). A flask was charged with 6-

benzyl 1-methyl 3-oxohexanedioate (958 mg, 3.63 mmol) in acetic acid (14 ml) and cooled in an 

ice water bath (the solution solidified initially, it was then allowed to warm to the point of 

stirring).  Once cooled, a solution of sodium nitrite (375 mg, 5.44 mmol) in water (7 ml) was 

added dropwise (slowly over ~10 min, keeping the temperature below 10 °C).  The solution was 

then allowed to slowly warm to room temperature in the ice water bath.  Upon completion (by 

LC/MS), the solution was diluted with EtOAc and washed twice with water and twice with 

saturated NaHCO3.  The organic portion was dried over Na2SO4 and concentrated in vacuo to 

give 6-benzyl 1-methyl 2-(hydroxyimino)-3-oxohexanedioate (986 mg, 3.36 mmol, 93% yield).  

1H-NMR showed full conversion with trace impurities.  The material was used without further 

purification.  1H NMR (500 MHz, CDCl3) δ 7.44 – 7.28 (m, 5H), 5.13 (s, 2H), 3.90 (s, 2H), 3.16 

(t, J = 6.7 Hz, 2H), 2.72 (t, J = 6.8 Hz, 2H).  LC/MS: 316.0 (M+23). 

6-benzyl 1-methyl 2-((tert-butoxycarbonyl)amino)-3-oxohexanedioate (5). A round bottom 

flask was charged with 6-benzyl 1-methyl 2-(hydroxyimino)-3-oxohexanedioate (0.5 g, 1.705 
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mmol) in acetic acid (20 ml) and cooled to 0 °C.  To this solution was then added BOC2O (3.72 

g, 17.05 mmol), followed by the portion-wise addition of zinc dust (1.115 g, 17.05 mmol).  The 

reaction mixture was then warmed to 50 °C in an oil bath. LC/MS after 1 h showed complete 

consumption of the starting material and the solution was cooled to room temperature.  Water 

was then added and the mixture was filtered through celite, washing with dichloromethane.  The 

organic portion was then washed with saturated NaHCO3 and dried over Na2SO4.  The residue 

was purified on a 50 g SiO2 column using a hexane/EtOAc gradient (15% to 30%).  The clean 

fractions were combined to give 149 mg (23%) of the expected product (additional product was 

present in mixed fractions).  1H NMR (500 MHz, CDCl3) δ 7.43 – 7.28 (m, 5H), 5.72 (d, J = 6.9 

Hz, 1H), 5.12 (s, 1H), 5.10 (s, 2H), 3.80 (s, 3H), 2.88 (t, J = 6.5 Hz, 1H), 2.74 – 2.64 (m, 3H), 

1.44 (s, 9H).  LCMS: 402.1 (M+23). 

5-Amino-6-methoxy-4,6-dioxohexanoic acid hydrochloride (6). A vial was charged with 6-

benzyl 1-methyl 2-((tert-butoxycarbonyl)amino)-3-oxohexanedioate (75 mg, 0.198 mmol) and 

CH2Cl2 (1.5 ml).  To this solution was then added TFA (0.5 ml) and the mixture was stirred until 

deprotection was complete by LCMS (~30 min).  The reaction was then concentrated in vacuo.  

1H NMR and LC/MS showed only minor impurities so the material was carried forth in the next 

step. A round bottom flask was charged with 5% Pd/C (30 mg, 0.014 mmol) under an 

atmosphere of nitrogen.  To this was then added methanol (3 ml) and 6-benzyl 1-methyl 2-

amino-3-oxohexanedioate (55.3 mg, 0.198 mmol).  A hydrogen-filled balloon was then affixed 

to the reaction vessel and the flask was evacuated then purged with hydrogen three times.  The 

mixture was then vigorously stirred at room temperature.  LC/MS after 1 h showed complete 

cleavage of the benzyl ester.  The mixture was filtered through celite, washing with additional 

methanol.  Concentration gave 73 mg of crude product.  To this residue was then added 4N 
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HCl/dioxane and diethylether.  Partial concentration in vacuo resulted in the formation of a white 

solid which was shown to be the clean hydrochloride salt.  Filtration and concentration in vacuo 

gave 18 mg (40%) of 6.  1H NMR (500 MHz, D2O) δ 3.95 (s, 3H), 3.39 – 3.25 (m, 1H), 3.11 – 

2.97 (m, 1H), 2.75 (m, 2H).  The methine peak is obscured by the D2O peak, but it appears at 

5.38 (s, 1H) in DMSO-D6 (though DMSO obscures the methylene peaks).  LC/MS: 190.0 (M+1). 
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